Cocaine use disorder is a serious public health issue for which there is no effective pharmacotherapy. One strategy to speed development of medications for cocaine use disorder is to repurpose drugs already approved for use in humans based on their ability to interact with targets known to be important for addiction. Two such drugs, lorcaserin (Belviq; a drug with serotonin [5-HT] 2C receptor agonist properties) and buspirone (Buspar; a drug with 5-HT 1A receptor partial agonist and dopamine D 3 /D 4 receptor antagonist properties) can produce modest decreases in cocaine self-administration in rhesus monkeys. The current study evaluated the effectiveness of mixtures of lorcaserin and buspirone (at fixed dose ratios of 3:1, 1:1, and 1:3 relative to each drug's ID 50 ) to reduce responding for 0.032 mg/kg/inf cocaine under a progressive ratio schedule of reinforcement in 2 male and 2 female rhesus monkeys. Dose addition analyses were used to determine if the effects of the drug mixtures differed from those predicted for an additive interaction between lorcaserin and buspirone. Dose-dependent reductions of cocaine self-administration were observed when lorcaserin and buspirone were administered alone, as well as when they were administered as 3:1, 1:1, and 1:3 fixed ratio mixtures of lorcaserin ϩ buspirone. The effects of the 1:1 mixture of lorcaserin ϩ buspirone on cocaine self-administration were supraadditive, whereas the effects of 3:1 and 1:3 mixtures were additive. Together, these results indicate that a combination therapy containing a mixture of lorcaserin and buspirone might be more effective than either drug alone at treating cocaine use disorder.
use disorder. This is likely due, at least in part, to the indirect mechanisms of action of cocaine (i.e., inhibition of dopamine, serotonin (5-HT), and norepinephrine uptake). However, because dopamine is thought to play a central role in the abuse-related effects of cocaine and other cocaine-like drugs (e.g., Gannon et al., 2017; Ritz, Lamb, Goldberg, & Kuhar, 1987; Thomsen, Hall, Uhl, & Caine, 2009) , three basic strategies have been employed for developing pharmacotherapies for cocaine abuse: (1) direct or indirect dopamine receptor agonists, which aim to provide a replacement drug for cocaine (e.g., Grabowski, Shearer, Merrill, & Negus, 2004; Negus & Henningfield, 2015) ; (2) cocaine antagonists, which aim to block cocaine at its site(s) of action (e.g., Newman, Grundt, & Nader, 2005; Rothman, Baumann, Prisinzano, & Newman, 2008) ; and (3) modulators of cocaine, which aim to alter the effects of cocaine through actions at sites other than the dopamine transporter (DAT) or dopamine receptors (e.g., Dackis & O'Brien, 2003; Mello, 1990; Platt, Rowlett, & Spealman, 2002; Roberts & Brebner, 2000) . Although such rational approaches to drug development have the potential to be truly transformative, they come with a substantial and ever growing price tag. Recent estimates from the Tufts Center for the Study of Drug Development suggest that a new drug requires ϳ10 years and a $2.8 billion investment in research and development to obtain FDA approval (DiMasi, Grabowski, & Hansen, 2016) .
One strategy to reduce the time and cost associated with developing pharmacotherapies for addiction has been to rationally repurpose drugs already FDA-approved for other indications. By selecting drugs based on their capacity to engage biologic targets already known to be important (i.e., neural substrates of addiction), such an approach dramatically reduces the time and cost associated with getting a candidate medication in the clinic. One such target is the 5-HT 2C receptor, which is known to play an important role in modulating goal-directed behaviors, such as feeding (Tecott et al., 1995; Vickers, Clifton, Dourish, & Tecott, 1999) . These receptors are highly expressed on dopamine and GABA neurons within the ventral tegmental area (VTA) and nucleus accumbens (NAcc), and play important roles in controlling the activity of dopamine systems, including modulating cocaine-induced increases in dopamine within the NAcc (Alex & Pehek, 2007; Bubar & Cunningham, 2007; Howell & Cunningham, 2015; Navailles, Moison, Cunningham, & Spampinato, 2008) . Consistent with their capacity to inhibit dopaminergic responses to cocaine, a variety of 5-HT 2C receptor-preferring agonists (e.g., Ro 60 -0175, MK 212, mCPP, WAY-163909, and CP-809,101) have been shown to decrease cocaine self-administration (Cunningham et al., 2011; Fletcher, Chintoh, Sinyard, & Higgins, 2004; Fletcher, Rizos, Sinyard, Tampakeras, & Higgins, 2008; Fletcher, Sinyard, & Higgins, 2010; Grottick, Fletcher, & Higgins, 2000) . Recently, we and others have shown that lorcaserin (Belviq), a 5-HT 2C receptorpreferring agonist approved by the FDA for treating obesity, can reduce cocaine self-administration following both acute and repeated administrations (Collins, Gerak, Javors, & France, 2016; Gannon, Sulima, Rice, & Collins, 2018; Harvey-Lewis, Li, Higgins, & Fletcher, 2016 ; but see Banks & Negus, 2017) , suggesting that it may have clinical utility for treating cocaine use disorder. However, it should be noted that doses of lorcaserin only slightly larger than those approved/required to produce its therapeutic effects have been reported to produce feelings of "high" and "hallucinations" in humans (Shram et al., 2011) and to induce head-twitching in rodents (Serafine, Rice, & France, 2015) , both of which are consistent with agonist actions at 5-HT 2A receptors.
Based in large part on their relatively restricted pattern of distribution within limbic structures (Gurevich & Joyce, 1999; Lévesque et al., 1992) , dopamine D 3 receptors have also been suggested as viable targets for treating cocaine use disorder (Heidbreder, 2008; Newman et al., 2005 Newman et al., , 2012 . Buspirone (Buspar) is a 5-HT 1A receptor-preferring partial agonist that is approved by the FDA for treating anxiety; however, recent studies suggest that buspirone is roughly equipotent at 5-HT 1A , dopamine D 3 , and D 4 receptors . Its modest selectivity for dopamine D 3 over D 2 receptors made it a viable FDA-approved medication to test the dopamine D 3 receptor hypothesis of cocaine abuse. Although buspirone reliably decreased cocaine selfadministration in rhesus Mello, Fivel, Kohut, & Bergman, 2013) and cynomolgus (Czoty & Nader, 2015) monkeys, a 30 mg dose of buspirone failed to alter the reinforcing effects of cocaine in a human laboratory study (Bolin et al., 2016) , and a 60 mg dose (the maximum approved dose) failed to prolong abstinence from cocaine use in a multisite, randomized, doubleblind, placebo-controlled pilot study (Winhusen et al., 2014) . Imaging data from nonhuman primates suggest that a threefold larger dose of buspirone would be required to occupy a sufficient proportion (e.g., 80%) of dopamine D 3 receptors to achieve a therapeutic effect in humans (Kim et al., 2014) .
Because lorcaserin and buspirone differentially target presynaptic (lorcaserin; 5-HT 2C receptors in the VTA) and postsynaptic (buspirone; dopamine D 3 receptors in the NAcc) regulators of dopamine neurotransmission, we hypothesize that fixed-dose combinations of these two FDA-approved drugs will produce a therapeutic effect that is greater than the effect of either drug alone (i.e., a supraadditive interaction). Accordingly, the current study evaluated the effectiveness of lorcaserin and buspirone administered alone and as binary mixtures (fixed ratios of 3:1, 1:1, and 1:3 relative to the ID 50 of each drug), to reduce responding for 0.032 mg/kg/inf cocaine under a progressive ratio (PR) schedule of reinforcement in four rhesus monkeys (2 male and 2 female). Dose addition analyses provide a powerful approach to characterize the nature of the interaction between two drugs that produce the same effect (e.g., Collins, Abbott et al., 2016; Gannon, Galindo, Mesmin, Rice, & Collins, 2018; Tallarida, 2000) , and were used in the current study to determine if the effects of the drug mixtures differed from those predicted for an additive interaction between lorcaserin and buspirone.
Method Subjects
A total of 4 adult rhesus monkeys were used in these studies, two males (PE and BO), weighing between 8 and 11 kg, and two females (a.m. and RO), weighing between 8 and 10 kg. All monkeys were individually housed in an environmentally controlled vivarium under a 14h/10h light/dark cycle with free access to water in their home cage. Monkeys were fed primate chow (Harlan Teklad, High Protein Monkey Diet, Madison, WI), fresh fruit, and peanuts daily. Although experimental histories differed among these monkeys, all 4 monkeys had self-administered coThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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caine daily for the 3-4 years prior to completion of these studies. Information on estrous cycle was not recorded for these studies. 
Surgical Preparation
Monkeys were surgically prepared with an indwelling venous catheter connected to a subcutaneous (SC) vascular access port located in the midscapular region as we have previously described Gerak et al., 2016) . Briefly, monkeys were initially anesthetized with 10 mg/kg of ketamine subcutaneously (SC; Fort Dodge Laboratories, Fort Dodge, IA), intubated, and maintained on 2 L/min oxygen and isoflurane anesthesia (Butler Animal Health Supply, Grand Prairie, TX). A polyurethane catheter (SIMS Deltec Inc., St. Paul, MN) was implanted in a vein (e.g., jugular or femoral) and connected to a vascular access port (Access Technologies, Skokie, IL).
Apparatus
During self-administration sessions, monkeys were seated in commercially available chairs (Model R001, Primate Products, Miami, FL) and placed in ventilated, sound-attenuating chambers. The front wall of each chamber contained a response panel consisting of two response levers and two stimulus lights that could be illuminated red or green. Cocaine was delivered intravenously (IV) by a syringe driver (Razel Scientific Instruments Inc., Stamford, CT) located outside the chamber. The syringe driver contained a 30-ml syringe that was connected to the vascular port via an IV extension set (Abbott Laboratories, Stone Mountain, GA) equipped with a 20 ga Huber-point needle (Access Technologies). A computer running Med-PC IV software (Med Associates Inc., St. Albans, VT) controlled experimental events and recorded data.
Cocaine Self-Administration
These four monkeys had a history of self-administering cocaine under FR30:TO 180-s and PR schedules ; these monkeys also had a history of acute and repeated intragastric treatments with lorcaserin, 90 min before the session Gerak et al., 2016 ). In the current study, responding for 0.032 mg/kg/inf cocaine was maintained under a PR schedule of reinforcement in which the first ratio was set to 50, and the response requirement increased after each infusion according to the following equation: ratio ϭ [5ê(infusion number ϩ 11) ϫ 0.2)] Ϫ 5. This resulted in the following series of ratio values: 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737, 901 . Once monkeys were seated in the operant chamber, a loading infusion was administered to fill the catheter with the appropriate concentration of cocaine. Illumination of the green light above the active lever (counterbalanced across monkeys) signaled the start of the session and subsequent drug availability (i.e., discriminative stimulus). Responding on the active lever was reinforced by infusions of 0.032 mg/kg cocaine delivered in conjunction with a 5-s presentation of the red light above the active lever (i.e., cocaine-associated stimuli). A 180-s timeout followed each infusion during which time all stimuli were extinguished and responses were recorded but had no scheduled consequence. Upon completion of the timeout, the green light above the active lever was again illuminated and cocaine was available for responding. Responses on the inactive lever were recorded but had no scheduled consequence. The maximum session duration was 4 hr; however, sessions were terminated if a monkey failed to complete a ratio within 40 min (i.e., 40-min limited hold). To demonstrate that responding was maintained by cocaine infusions, saline was occasionally substituted for cocaine. Although there were slight differences in the amount of responding maintained by the 0.032 mg/kg/inf dose of cocaine among the monkeys (see Table 1 ), this dose was [1/2]-log unit smaller than the dose that maintained peak levels of responding in all monkeys (data not shown), and was selected so that it would be possible to observe either increases or decreases in responding following pretreatments with lorcaserin, buspirone, or fixed dose mixtures of lorcaserin and buspirone.
Daily sessions were preceded by a SC injection of saline 15 min before the start of the session. Once responding met stability criteria (number of infusions differed by no more than 2 across 2 consecutive sessions), monkeys were pretreated 15 min before the start of the session with lorcaserin (0.1, 0.32, 1, 3.2 mg/kg; SC), buspirone (0.032, 0.1, 0.32, 1, 3.2 mg/kg; SC), or a mixture of lorcaserin and buspirone. Doses of lorcaserin and buspirone were selected based on previous studies showing that lorcaserin (intragastric; Collins, Gerak et al., 2016; Gerak et al., 2016) and buspirone (IM; Bergman et al., 2013) are capable of decreasing cocaine This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
self-administration, and expanded until the range included as at least one dose that produced Ͼ20% reduction in drug taking, and at least one dose that produced a Ͻ80% decrease in drug taking.
Mixtures of lorcaserin and buspirone were evaluated at three fixed ratios (3:1, 1:1, and 1:3 lorcaserin:buspirone) relative to the dose of each drug estimated to reduce self-administration to 50% of baseline for individual subjects (ID 50 ). Details of these mixtures are shown in Table 2 . The acute effects of each dose of each drug (or pair of drug doses) were evaluated during single session tests that were separated by at least 2 sessions.
Drugs
(-)-Cocaine hydrochloride was provided by the National Institute of Drug Abuse Drug Supply Program. Lorcaserin HCl was purchased from MedChem Express (Princeton, NJ), and buspirone HCl was purchased from Sigma-Aldrich (St. Louis, MO). All drugs were dissolved in physiologic saline. Doses are expressed as the salt in mg per kg body weight.
Statistical Analyses
Data for each drug alone are graphically presented as % baseline infusions and reported as the mean (Ϯ1 SEM) for the group, as well as the means for males and females. Dose-response curves (group level) for lorcaserin and buspirone to alter the selfadministration of 0.032 mg/kg/inf cocaine were analyzed by oneway repeated measures ANOVA with post hoc Dunnet's tests. Linear regression was also used to obtain estimates of the dose required to reduce self-administration to 50% of baseline (ID 50 ), slope, and Y-intercepts for individual subjects. The range of doses analyzed included one ineffective (Ն80% of baseline) and one fully effective (Յ20% of baseline).
Analysis of Drug Mixtures
Predicted effect levels were calculated for all drug mixtures based on the concept of dose equivalence and the linear regression functions obtained for each drug in individual monkeys. In order to determine the predicted effect level for a dose pair, the dose of buspirone (B) in each fixed dose pair was converted to an equivalent dose of lorcaserin (L) [B eq (L)] using the following functions from Gannon, Galindo et al. (2018) :
where Slope B and Slope L are the slope parameters and int B and int L are the y-intercepts derived from the linear portion of the dose-response curves for buspirone and lorcaserin, respecitvely. Summing the unit dose of L and B eq (L) allows each dose pair to be expressed in terms of total lorcaserin equivalents (Total Dose eq L), which can then be used to calculate the predicated effect level for an additive interaction using the following function:
Predicted Additive Effect ϭ ͑Slope
Predicted additive dose-response curves for each drug mixture represent the mean (Ϯ1 SEM) of the total lorcaserin equivalents (mg/kg) and the mean (Ϯ1 SEM) predicted effect level (% Baseline Infusions) for each fixed dose pair of each mixture of lorcaserin and buspirone.
Predicted and observed dose-response curves were analyzed by linear regression to obtain estimates of the Total Dose eq L required to reduce self-administration to 50% of baseline (ID 50 ). ID 50 values for predicted and observed dose-response curves were used to calculate potency ratios (e.g., ID 50 observed/ID 50 predicted) for individual monkeys, with departures from additivity deemed significant if the 95% confidence interval for the group did not include 1.
Results
Under baseline conditions, cocaine maintained stable levels of responding across the experiment, with monkeys receiving an average of 9.3 (Ϯ2.0) infusions per session when 0.032 mg/kg/inf cocaine was available, and an average of 1.6 (Ϯ0.4) infusions when saline was available. As shown in Table 1 , females earned slightly more cocaine than males, but these differences were not significant. When administered 15 min before the start of the session, both lorcaserin (F(4, 12) ϭ 19.2; p Ͻ .001) and buspirone (F(5, 15) ϭ 4.2; p Ͻ .05) dose-dependently decreased responding for cocaine (see Figure 1) . Although the effects of lorcaserin and buspirone on cocaine self-administration were qualitatively similar between males and females, lorcaserin appeared to be more potent in females (ID 50 ϭ 0.44, 95%CI [0.22-0.88]) than in males (ID 50 ϭ 1.33, [0.99 -1.78]), whereas buspirone appeared to be more potent in males (ID 50 ϭ 0.32, [0.12-0.87]) than in females (ID 50 ϭ 3.58, [1.16 -10.99]) (see Table 2 ).
As shown in Figure 2 , when administered at fixed ratios of 3:1, 1:1, and 1:3 relative to their ID 50 s from individual subjects, mixtures of lorcaserin and buspirone dose-dependently decreased cocaine self-administration (3:1: F(5, 15) ϭ 6.9; p Ͻ .01; 1:1: F(5, 15) ϭ 11.9; p Ͻ .001; 1:3: F(5, 15) ϭ 5.4; p Ͻ .01). Although 10 of the 12 individual ID 50 values for mixtures of lorcaserin and buspirone were smaller than predicted for an additive interaction, This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
a statistically significant supraadditive interaction (potency ratio less than 1) was observed only when lorcaserin and buspirone were mixed at a 1:1 ratio of their ID 50 s (see Figure 3) . Although interactions between lorcaserin and buspirone were found to be additive when mixed at 3:1 or 1:3 ratios of their ID 50 s, the 1:3 mixture of lorcaserin and buspirone showed large departures from additivity in the supraadditive direction for 3 of the 4 monkeys, with the fourth monkey exhibiting a subadditive interaction. A similar trend was observed for the 3:1 mixture of lorcaserin and buspirone; however, the magnitude of the supraadditive interactions tended to be smaller than for the other mixtures. There were no apparent sex differences in the effects of mixtures of lorcaserin and buspirone. In all cases, responding for cocaine returned to baseline levels by 24 hr after the administration of lorcaserin, buspirone, or lorcaserin and buspirone mixtures (data not shown).
Discussion
Preclinical evidence suggests that buspirone and lorcaserin can decrease cocaine self-administration following both acute and repeated (subchronic) administration, making them attractive candidates for the treatment of cocaine use disorder. The results of the current studies confirm these preclinical findings, and extend them by examining whether fixed-dose combinations of lorcaserin (a 5-HT 2C receptor-preferring agonist) and buspirone (a 5-HT 1A receptor partial agonist and dopamine D 3 /D 4 receptor antagonist) would be more potent and/or effective at reducing the reinforcing effectiveness of cocaine than predicted for an additive interaction. There were three main findings of this study, as follows: (1) when administered alone, lorcaserin and buspirone each dosedependently decreased cocaine self-administration; (2) when administered as 1:1 or 1:3 ratios relative to their ID 50 s, mixtures of lorcaserin and buspirone were 4 -7-fold more potent at reducing responding for cocaine than predicted for an additive interaction; and (3) the nature of the interaction between lorcaserin and buspirone varied as a function of the ratio at which they were mixed, with a supraadditive interaction observed at the 1:1 ratio and additive interactions observed for both the 1:3 and 3:1 mixtures of lorcaserin and buspirone. Together, these findings provide support for the hypothesis and suggest that combining these two FDAapproved drugs could provide a novel, effective, and highly translatable pharmacotherapy for treating cocaine use disorder.
Consistent with previous studies in rodents and nonhuman primates, both lorcaserin Gannon, Sulima et al., 2018; Gerak et al., 2016; Harvey-Lewis et al., 2016) and buspirone Gold & Balster, 1992; Homberg et al., 2004; Mello et al., 2013) decreased the self-administration of 0.032 mg/kg/inf cocaine under a PR schedule of reinforcement. In the current study, buspirone appeared to be 10-fold more potent at decreasing cocaine self-administration in males than in females, whereas lorcaserin appeared to be slightly (ϳ3-fold) more potent in females than in males; however, it is important to note that these studies were not designed (i.e., powered) to detect sex-related differences. Nevertheless, clinical data support this apparent sexrelated difference, with a 60 mg dose of buspirone being more effective at promoting abstinence from cocaine in males than in females (Winhusen et al., 2014) . Although these findings provide additional support for the development of 5-HT 2C receptor agonists as well as drugs with antagonist actions at dopamine D2-like (D 2 , D 3 , and D 4 ) receptors as pharmacotherapies for cocaine abuse, translating preclinical success to effective therapies in the clinic has been challenging. In a recent review describing progress in the preclinical development and clinical evaluation of medications for cocaine abuse, Czoty, Stoops, and Rush (2016) discuss some of the major hurdles, including differences in study endpoints (i.e., reductions in preclinical drug-taking vs. complete abstinence in the clinic), as well as the fact that clinical evaluations of candidate medications are limited to the doses approved by the FDA for treating the primary indication of a drug (e.g., 10 mg BID for lorcaserin, and 30 mg BID for buspirone).
Indeed, despite consistent decreases in cocaine-taking in preclinical studies (e.g., Bergman et al., 2013; Mello et al., 2013) , a small dose of buspirone (30 mg) failed to alter the reinforcing effects of cocaine in a human laboratory study (Bolin et al., 2016) , and the maximal approved dose of buspirone (60 mg) failed to Figure 1 . Effects of lorcaserin (circles; top panel) or buspirone (squares; bottom panel) on cocaine infusions (0.032 mg/kg) earned under a PR schedule of reinforcement (n ϭ 4; 2 males and 2 females). Mean effects of lorcaserin or buspirone are depicted as a solid line for the 2 male monkeys (PE and BO), and as a dashed line for the 2 female monkeys (a.m., and RO). Abscissa: dose of lorcaserin (0.1-3.2 mg/kg) or buspirone (0.1-10 mg/kg) administered SC 15 min before the start of the session. Ordinate: percent of baseline infusions expressed as the mean (Ϯ1 SEM) for the number of infusions earned following pretreatment with lorcaserin or buspirone relative to the average number of infusions earned during the two preceding baseline sessions. This document is copyrighted by the American Psychological Association or one of its allied publishers.
prolong abstinence from cocaine use in a multisite, randomized, double-blind, placebo-controlled pilot study (Winhusen et al., 2014) . Although these results largely halted efforts to develop buspirone as a pharmacotherapy for cocaine abuse, it is important to note that imaging data from nonhuman primates suggest that a clinically relevant level of dopamine D 3 receptor occupancy in humans would require buspirone to be administered at doses at least threefold larger than the 60 mg maximal dose approved for treating anxiety (Kim et al., 2014) . Although it is too early to tell whether the maximal approved dose of lorcaserin (10 mg BID) will be an effective pharmacotherapy for cocaine use disorder (there are currently 7 trails registered with clinicaltrials.gov), doses only slightly larger than those approved to treat obesity have been reported to produce feelings of "high", "bad effects", and "hallucination" in polydrug users (Shram et al., 2011) . These effects are consistent with lorcaserin having agonist actions at 5-HT 2A receptors, a notion that is supported by a recent study by Serafine et al. (2015) in which lorcaserin induced 5-HT 2A receptor-mediated head-twitches in rats at doses comparable to those required to reduce body weight in rats (Higgins & Fletcher, 2015) . While it is difficult to make direct comparisons of dose (and their corresponding blood levels) across species, the blood levels of lorcaserin (ϳ390 nmol/L) associated with a 50% decrease in PR responding for 0.032 mg/kg/inf cocaine in rhesus monkeys Gerak et al., 2016) are ϳ3 times greater than those observed in humans treated with the maximally approved dose of lorcaserin (ϳ131 nmol/L; Smith et al., 2009) . In addition to suggesting that that the 10 mg (BID) dose of lorcaserin might not be sufficient when evaluated in a clinical population, these findings also suggest that the doses of lorcaserin required to decrease responding for cocaine in rhesus monkeys might have actions at both 5-HT 2C and 5-HT 2A receptors (for review see, Collins, Gerak, & France, 2017) . Thus, in addition to developing novel therapeutics, there is a clear need to develop strategies to enhance/augment the potency and/or effectiveness of FDA-approved drugs so that abstinence from cocaine use can be achieved with doses that are already approved to treat other conditions. The current studies sought to improve/increase the potency and/or effectiveness of lorcaserin and buspirone to reduce cocaine self-admiration by coadministering these two drugs as a mixture. Because the nature of drug-drug interactions (e.g., additive, subadditive, supraadditive) can vary depending on the ratio at which drugs are combined, lorcaserin and buspirone were evaluated as mixtures containing 3:1, 1:1, and 1:3 ratios of lorcaserin:buspirone relative to their ID 50 values from individual subjects. Although the effects of the 3:1 mixture of lorcaserin and buspirone were additive Figure 2 . Predicted (open circles; dashed line) and observed (circles; solid line) effects of mixtures of lorcaserin and buspirone on cocaine infusions (0.032 mg/kg) earned under a PR schedule of reinforcement (n ϭ 4; 2 males and 2 females). Mixtures of lorcaserin and buspirone were evaluated at three fixed dose ratios (3:1, 1:1, and 1:3) relative to the ID 50 value for each drug from individual subjects. Abscissa: mean (Ϯ1 SEM) of the total mixture dose, expressed in mg/kg of lorcaserin equivalents, administered SC 15 min before the start of the session. Ordinate: percent of baseline infusions expressed as the mean (Ϯ1 SEM) for the number of infusions earned following pretreatment with mixtures of lorcaserin and buspirone relative to the average number of infusions earned during the two preceding baseline sessions. Figure 3 . Potency ratios (ID 50 observed/ID 50 predicted additive) for binary mixtures of lorcaserin and buspirone at three different fixed dose ratios (3:1, 1:1, and 1:3). Abscissa: mean potency ratios (Ϯ95% confidence intervals) are depicted by the vertical gray lines and error bars; potency ratios determined for individual subjects identified by the first letter of their ID (B and P denote males; A and R denote females). Ordinate: identifies the ratio at which lorcaserin and buspirone were mixed. Potency ratios for which the 95% confidence intervals do not include 1 indicate that the interaction departs from additivity, with ratios less than 1 indicative of a supraadditive interaction, and ratios greater than 1 indicative of a subadditive interaction. This document is copyrighted by the American Psychological Association or one of its allied publishers.
in nature (i.e., the observed and predicted dose-response curves did not differ), the 1:1 and 1:3 mixtures were more potent than predicted for an additive interaction, as evidenced by their doseresponse curves falling to the left of the predicted additive doseresponse curve. Indeed, the 1:1 mixture was at least twofold more potent than predicted in all 4 monkeys, with a ninefold increase in potency observed for monkey AM. Although the magnitude of this interaction appeared to be greater when lorcaserin and buspirone were mixed at a 3:1 ratio, the interaction was subadditive in one monkey (PE), suggesting that drug-drug interactions can also vary across subjects. Translating these effects into changes in absolute doses of each constituent drug, the 1:1 mixture resulted in ϳ7-fold (Ϯ1.6) reductions in the constituent ID 50 s (i.e., the amount of each constituent drug comprising the ID 50 for the mixture) for both lorcaserin and buspirone, whereas the 1:3 mixture resulted in a ϳ25-fold (Ϯ8.9) reduction in the constituent ID 50 for lorcaserin, and a ϳ8-fold (Ϯ3.0) reduction in the constituent ID 50 for buspirone to reduce cocaine self-administration. Supraadditive interactions translate to larger reductions in potency for constituent drugs; however, even the 3:1 mixture, which exhibited strictly additive interactions, reduced the constituent ID 50 s by ϳ2-fold (Ϯ1.0) for lorcaserin and ϳ8-fold (Ϯ3.9) for buspirone. Although a combination therapy containing mixtures of lorcaserin and buspirone does not directly address issues thought to underlie the low clinical effectiveness of buspirone (e.g., too few receptors occupied; Kim et al., 2014) , the fact that reductions in cocaine self-administration were achieved with smaller doses of lorcaserin and buspirone when these drugs were administered as mixtures suggests that the high receptor occupancy thought to be necessary for a therapeutic effect with a single drug (e.g., buspirone) might not be necessary when drugs with complimentary mechanisms of action are combined. Taken together, the results of these studies provide support for the development of combination therapies targeting 5-HT 2C receptor agonists, such as lorcaserin, and dopamine D 3 (and/or D 4 ) receptor antagonists, such as buspirone, for treating cocaine use disorder. There are, however, several limitations of the current studies, including the following: (a) they characterized only the acute interactions between lorcaserin and buspirone; (b) they evaluated the effectiveness of lorcaserin, buspirone, and mixtures of lorcaserin and buspirone to alter the reinforcing effects of a single dose of cocaine; (c) they included a relatively small sample size and, therefore, were unable to determine whether apparent sexrelated differences in the effects of lorcaserin and buspirone were statistically significant; (d) they focused on interactions between lorcaserin and buspirone with respect to their effectiveness to alter cocaine self-administration, without also evaluating interactions for other, potentially adverse, effects (e.g., hallucination); and (e) they did not rule out a potential contribution of buspirone's partial agonist actions at 5-HT 1A receptors to its effectiveness to decrease cocaine self-administration, or its interactions with lorcaserin. Accordingly, future studies will need to extend these initial findings to evaluate the effects of repeated/chronic administration of mixtures of lorcaserin and buspirone against a wider range of cocaine doses, and in larger groups of male and female monkeys. Moreover, although preclinical evidence suggests that the therapeutic effects of lorcaserin extend to other drugs of abuse, including alcohol, nicotine, opioids, and other stimulants (Gannon, Sulima et al., 2018; Gerak et al., 2016; Higgins et al., 2012; Neelakantan et al., 2017; Rezvani, Cauley, & Levin, 2014) , further studies will be required to determine whether mixtures of lorcaserin and buspirone produce a similar additive/supraadditive inhibition of selfadministration maintained by drugs other than cocaine.
